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p53 Mutations in Mantle Cell Lymphoma Are Associated With Variant Cytology and Predict a Poor Prognosis
By Timothy C. Greiner Therefore, a series of 53 well-characterized cases of MCL with DNA from 62 tissue samples was analyzed by the polymerase chain reaction with denaturing gradient gel electrophoresis for exons 5-8 of p53. lmmunoperoxidase studies with the antibody DO-7 to p53 protein were also performed on frozen sections. We found mutations of the p53 gene in 8 of the 53 cases (15%) of MCL. Missense mutations predominated, and 50% of the mutations occurred at known p53 ANTLE CELL LYMPHOMA (MCL) is a subtype of M non-Hodgkin's lymphoma (NHL) that is estimated to comprise 2.5% to 4% of NHLs in the United States. ' The neoplastic cells of MCL are thought to correspond to lymphocytes of normal primary follicles and the mantles around germinal centers of secondary follicles in lymph nodes, spleen, and other lymphoid tissues. The term MCL'.' encompasses lymphomas that had been previously designated as lymphocytic lymphoma of intermediate differentiation: centrocytic lymph~ma,~ and intermediate lymphocytic or mantle zone most of which correspond to diffuse small cleaved-cell lymphoma in the Working Formulation. 8 Two architectural patterns are observed in MCL. The first pattem is a diffuse infiltrate that effaces the lymph node architecture, sometimes with characteristic histiocytes scattered among the lymphoma ~ells.4.~ The second pattem is a mantle zone pattern with the cells forming neoplastic nodules and infiltrating as wide mantles around residual benign germinal centers.' The typical cytology of MCL is that of small-0 19% by The American Society of Hematology.
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hotspot codons. Of 21 cases with variant cytology (ie, anaplastic or blastic), 6 (28.6%) had p53 mutations as compared with only 2 of 32 cases (6.3%) with typical MCL cytology ( P = .05), and p53 mutations preceded the development of variant cytology in 2 patients. Overexpression of p53 protein was observed in 6 of the 8 cases (75%) with p53 mutations and in none of the 45 wild-type cases. The median survival of the cases with mutant p53 was only 1.3 years (all died), whereas the median survival of cases with germline p53 was 5.1 years ( P = .023). These results suggest that mutations of p53 may be one mechanism involved in the development of variant forms of MCL and indicate that p53 mutations in MCL predict a poor prognosis. 0 1996 by The American Society of Hematology.
to intermediate-sized cells with irregular nuclear contours and coarse chr~matin?~.'.~.'~ The variant or high-grade cytological appearances described in MCL have considerable overlap with each other and include the blastic,'O~i' anaplastic," and centrocytoid-centroblastic types.l2.'' Cytogenetic and molecular discoveries in MCL in recent years have helped establish MCL as a distinct clinicopathological entity.3 Karyotypic analysis led to the finding of a recurring nonrandom translocation between the bcl-1 locus and the Ig heavy chain in the t(ll;14)(q13;q32).14-16 Southern blot analysis has shown a high percentage (50% to 70%) of bcl-1 rearrangements in MCL.'7-21 The candidate oncogene is the PRADl gene located 3' to most of the described bcZ-1 breakpoints, and P W 1 overexpression has been found to be highly associated with MCL.21-26 However, molecular studies to date have provided no putative mechanisms for the development of variant MCL, nor have molecular genetic markers with prognostic significance been identified.
Mutations in the p53 tumor suppressor gene have been described in several subtypes of lymphoid neoplasia and occur at an overall rate of about 14%.27 The frequency of mutations ranges from 5% to 40% including anaplastic large cell lymphoma (6%),28 peripheral T-cell lymphoma (8%):7 and chronic lymphocytic leukemia (CLL; 15%).27, 29 Small noncleaved-cell l y m p h~m a "~~~~~' and adult T-cell leukemid lymphoma (ATL)32*33 appear to have the highest de novo rates (30% to 40%) of p53 mutations in NHL, whereas a low mutation rate is observed in low-grade NHL. However, a high incidence of p53 mutations is present in high-grade lymphoid neoplasms that result from transformation or progression of a lower-grade NHL. These include CLL, in which 40% of cases that transform to diffuse large-cell NHL were found to have p53 mutations.27 In addition, at least 25% of diffuse large-cell lymphomas that arise from follicular lymphoma appear to harbor p53
The major goal of our study was to determine the incidence of p53 mutations in MCL. First, we asked the question whether p53 mutations are present at a higher frequency in the variant or high-grade forms of MCL than in those with the typical cytology. Second, because p53 mutations are associated with a poor prognosis in Burkitt's lymphoma (BL),3' CLL: 9 acute lymphoblastic leukemia (ALL):6 and acute my- (Table 2 ) include the use of a corrected sequence for the exon 7 forward strand, because the published forward primer lacked a thymidine 5 nucleotides from the 3' end. In addition, exon 8 was amplified as a single exon product, rather than combined with exon 9, using Gaidano's reverse primer?' This was performed because the difference in the melting temperature of each exon is such that analysis of a separate exon-8 product resulted in better resolution than a combined exon-8 and -9 assay.
DNA was obtained using a previously described phenol chloroform extraction technique after proteinase-K dige~tion.3~ A total of 500 ng of MCL genomic DNA was amplified in 100 pL of PCR buffer, (10 mmoVL Tris HCl, pH 8.3; 1.5 "OIL MgC12; 50 mmoVL KCl; 0.01% gelatin) with 100 mmoVL of each deoxynucleoside triphosphate, 2.5 U Taq polymerase enzyme (Perkin ElmerCetus, Norwalk, CT), and 0.5 mmol/L of each pair of primers. Reaction mixtures were incubated at 94°C for 9 minutes for denaturation followed by 45 cycles of 94°C for 1 minute and 15 seconds, 58°C for 1 minute and 15 seconds (60°C for exon 6), and 72°C for 30 seconds with 1 second of additional extension per each cycle. A terminal extension of 72°C for 10 minutes was performed after completion of the 45 cycles. A total of 10% of the reaction product (IO p L ) was electrophoresed on a 2% 3:l Nusieve agarose (FMC, Rockland, ME) gel for determination of the success of amplification in producing the expected PCR product sizes.
DGGE was performed on the amplified DNA to screen for mutations and to isolate the mutated DNA for sequencing. Modifications of the electrophoresis times from Beck et al" for each exon were determined using stepwise-loading gels as described by Myers et aLQ To enhance the recovery of the DNA compared with precipitation techniques, the PCR products were dried with a Savant DNA Speed Vac 110 (Savant, Fanningdale, NY). A total of 40% of a 100-pL PCR product was electrophoresed at 160 V and 60°C in 8% polyacrylamide gels (37:1, acry1amide:bisacrylamide) poured with a model 150 Gradient Former (Life Technologies, Gaithersburg, MD).4' Denaturing conditions ranged from 35% to 65% through 60% to 80% (Table 2) in the gels analyzed on a model DGGE-4000 System (CBS Scientific Co, Inc, Del Mar, CA). After electrophoresis, the gels were stained with ethidium bromide (2 pg/mL) for 20 minutes and destained in distilled water for 10 minutes? ' The PCR products that showed a shift in the migration of the sequence from the wild-type DNA were cut
Denaturing gradient gel electrophoresis (DGGE).
Sequencing strategy. from the DGGE gels, frozen at -70°C. thawed, and serially diluted in distilled H,O to an estimated IO pglpL after comparison with a known quantity of 0x174 HaeIII DNA (Life Technologies) used in the agarose gel. A reamplification of 10 to 100 pg of the first-round PCR product using the same primers (Table 2) without GC-clamps for the appropriate exon was performed. Our goal was to remove the GC clamp, which tends to interfere in sequencing reactions. The PCR product was centrifuged with a QIAquick-Spin PCR Column Purification Kit (Quiagen, Chatsworth, CA) column to eliminate excess deoxynucleotide triphosphates and primers before sequencing. Sequencing was performed in both directions with the described exon primers without a GC clamp (Table 2 ). using the Dye-Labeled Dideoxy Terminator Kit (ABI) according to the manufacturer's directions, purified with a Centri Sep PSR 00105 column (Princeton Separation Inc, Adelphia, NJ) and analyzed on a automated AB1 373A fluorescent sequencing system (ABI). DNA sequences were analyzed by Analysis 1.2 (ABI) and Sequence Navigator (ABI) software to compare with the wild-type p53 sequence.
Positive controls with previously published single nucleotide p53 mutations included six lymphoid cell lines (Exon 5-CEM; Exon 6-Raji, Jurkat; Exon 7-Raji; MCI 16; Namalwa; Ramos, CEM; see Fig   1) 2'.424 and a lymphoma sample with an exon-8 m~tation'~ (a gift of Dr M. Raffeld, National Cancer Institute, Bethesda, MD). Screening by DGGE identified mutational shifts (Fig 1) in each control sample, and sequencing showed the published mutations.
Overexpression of p53 protein was correlated with the p53 sequence results. Immunohistochemical studies using the avidin-biotin technique were performed on 6-pm frozen sections using the monoclonal antibody DO-7 (DAKO Corp, Carpinteria, CA) that reacts with an amino terminal epitope of the p53 pr0tein.4~ The antibody was applied at a concentration of 150 for 30 minutes, was developed with 3.3' diaminobenzidine tetrahydrochloride, and was counterstained with hematoxylin. A positive result was recorded when the percentage of nuclei staining exceeded 5% of the cells, a threshold determined after staining normal tissues and described previously in paraffin-embedded tissue.w
Comparisons of the distributions of categorical data characteristics between groups were made using Fisher's 'exact' test for 2x2 tables. Survival was defined as the time to death from any cause and was estimated using the product-limit method of Kaplan and Meier.& Distributions of time-to-event data were compared using the log-rank test?' p53 Immunohisrochembtry.
Statistical analysis.

RESULTS
p53 Mutations in MCL.
A total of 32 cases of MCL showed typical cytology at diagnosis, whereas 17 cases (32%) showed variant cytology including 16 blastic and 1 anaplastic MCL. In 4 additional cases, the tumor transformed from typical cytology to blastic cytology in a subsequent biopsy specimen. Thus, 21 of our 53 cases (39.6%) showed variant MCL cytology at some time during the clinical course.
Of the 53 cases of MCL. 8 (15%) had p53 mutations (Table 3 ). The mutations were observed in exons 5 (1 case), 6 (1 case), 7 (3 cases), and 8 (3 cases), with 50% occumng at codons 213, 248, and 273. These codons are known to have a high frequency of p53 mutations and include CpG dinucleotides. Sequential biopsy specimens in 3 cases (cases no. 4. 5 , and 6) showed the same mutation each time. The most frequent p53 abnormality was a missense mutation, which was observed in 6 of 8 cases. Approximately equal numbers of transitions (4) and transversions (3) were observed. In addition to the missense mutations, case no. 1 had a 2-bp deletion in codons 184-185. This deletion caused a frame shift and introduced a stop codon downstream at codon 207. Case no. 2 had a nonsense mutation at codon 213. Figure 2 shows the DGGE screening results for mutations in exon 8 for cases of MCL. Each unique mutation migrates to a different position in the denaturing gel. Typically, four bands are observed in a heterozygous case, including one band for the wild-type sequence, one band for the mutant sequence, and two heteroduplex bands representing mixtures of wild-type and mutant sequences that migrate more slowly in the gel. The presence of paired heteroduplex bands facilitates the identification of mutated sequences, especially when the mutated cells comprise only 0.1% to 1.0% of the sample, which is the sensitivity cutoff level of DGGE in our laboratory. The presence of a strong mutant band out of proportion with the wild-type sequence band, such as those observed in cases no. 6b and 8 in Fig 2, suggests a deletion of the wild-type allele or, but less likely, mutations in both alleles, shown in Fig 1 for Namalwa (lane 2) .
To study the importance of p53 mutations and overexuse only. Occasionally, a gel artifact will produce the appearance of doublet bands (case no. 7). which has no significance.
pression of p53 protein in the development of variant forms of MCL, cases were classified as variant MCL if any biopsy specimen showed variant cytology. In the 32 cases with only typical lymphocytic cytology, 2 cases (6.3%) had p53 mutations. However, of the 21 cases with variant cytology, 6 cases (28.6%) had p53 mutations (P = .05); 5 of the variant cases had blastic morphology, and 1 case (case no. 1) was an anaplastic MCL. No correlation between CDIO expression and p53 mutation was identified because only 1 p53 mutant case was CDIO'.
In 2 cases, the p53 mutation preceded the development of variant cytology. In case no. 4 , approximately 1% of the tumor cells had a p53 mutation in the initial biopsy specimen (case no. 4a), but the mutation was more prominent in a subsequent biopsy specimen obtained 1 year later (case no. 4b). Figure 3 shows the pair of weak heteroduplex bands from the initial biopsy specimen (case no. 4a), which migrate to the same position as the bands from the subsequent biopsy specimen (case no. 4b). Morphologically, this tumor began with a mantle zone pattern and typical lymphocytic cytology (Fig 4A) . but recurred with blastic cytology (Fig 4B) while retaining the mantle zone pattern. Case no. 5, which also changed from typical cytology to a variant form, also showed an architectural change from a mantle zone pattern to a diffuse pattern.
A previously described polymorphism at codon 2 13 (CGA + CGG)48.49 was observed in 3 of the 53 cases (5.5%). Figure  5 shows that the bands of the polymorphic sequence migrate to a different position in the gel than that of the mutation at the same codon 213 observed in case no. 2, which differs by only two nucleotides (CGA -, TGA).
Overexpression of the p53 protein was observed in 6 of the 8 cases with sequenced mutations using the antibody DO-7 (Table 3) . None of the other 45 cmes without a p53 mutation was positive with DO-7, which includes the 3 cases with the polymorphism at codon 213. Overexpression of p53 was present in the 2 mutated cases with stop codons (cases no. 1 and 2). because codons 207 and 213 are downstream from the DO-7 epitope.
For the survival analysis, 15 patients were eliminated because of a lack of follow-up information (2 cases) or because they represented referrals at the time of relapse (1 3 cases). After these exclusions, 6 cases with p53 mutations and 32 cases with wild-type p53 remained for the survival analysis. The choice of chemotherapy provided no selection bias because a similar percentage received curative therapy in the p53 mutation group (4 of 6; 66.7%) and in the wild-type group (25 of 32; 74%; P = .16). Curative therapy was defined as a protocol including adriamycin or an adriamycin-like drug. There was a significant difference in the median survival of the MCL cases with p53 mutations as compared with that of those without mutations. The median survival of MCL cases with wild-type p53 was 5.1 p53 Immunohistochemistry in MCL Survival andysis. years, whereas all those with p53 mutations have died, with a median survival of only 1.3 years (P = .023; Fig 6) . Multivariate analysis to determine if p53 mutations represent an independent prognostic factor apart from variant morphology could not be performed because of the small number of cases with mutations. 
DISCUSSION
To assay mutations of the p53 gene in lymphoid neomost invest~gators27.?8.31.~?.34.~5.sn have used modifications of the single-stranded conformation polymorphism protocol originally described by Orita et al. 5 ' In contrast to single-stranded conformation polymorphism. DGGE uses double-strand PCR products in a computer-calculated5' and empirically determined denaturing gradient polyacrylamide gel"" constructed with increasing urea and formamide concentrations to isolate mutated sequence~.~' Sheffield et als3 showed the analytical capabilities of GC-clamped DGGE to detect single base mutations in hemoglobin sequences with 100% ~ensitivity.'~ Metzger et alss first described the application of GC-clamped DGGE in detecting p53 mutations in ependymomas. This method was then applied by other investigators in rat"' and human t~m o r s .~~.~" Beck et a13* showed that a refined GC-clamped DGGE protocol can separate single base changes in p53 with high resolution and efficiency. A 40-nucleotide sequence of guanines and cytosines (GCclamp), synthesized at the 5' end of one of the primers, provides the high-resolution capability. In view of these features and our experience with the DGGE technique?' we chose DGGE as our mutation-screening assay.
In this study, we found p53 mutations in 15% of our cases of MCL. We also showed two other new significant findings. We found that (1) p53 mutations are highly associated with the variant cytology of MCL (28.6% of variant cases) and (2) p53 mutations appear to predict a poor prognosis. This report identifies p53 mutations in a large series of cases of MCL. Preliminary reports of smaller groups of cases59-62 at the recent USKanadian Academy of Pathology meeting suggested findings similar to ours,6' ie, that p53 mutations and/or p53 overexpression may occur in MCL. Cazorla et al'" observed a p53 mutation in 1 of 14 cases (7%) of MCL, with the single mutation observed in one of four (25%) blastic variants. Finkelstein and associatesM reported p53 mutations in 2 of 18 cases (11%) of MCL and in 1 of 6 (16.7%) other lymphomas with bcl-1 rearrangements. In 23 cases of MCL with bcl-l rearrangements, Louie et a]"' observed p53 overexpression in 5 cases (16.6%). of which only These studies, taken in aggregate, support our data that show a low incidence of p53 mutations in MCL. Individually, these reports had insufficient cases to show a strong association of p53 mutations with variant MCL; however, in composite, they support our observation that a higher frequency of p53 mutations is observed in variant MCL.
The occurance of variant MCL, which have larger nuclei and finer chromatin than typical MCL, is still an evolving concept, as reflected by the recent workshops on low-grade B-cell disorders conducted by the Society for Hematopathology in 1993 and on MCL conducted by the the European Lymphoma Task Force in 1994.' An interesting finding in our study was the observation of variant cytology in 21 of 53 cases (39.6%) at some time during the clinical course. This is identical to the results of a recent study of the natural history of MCL published by Norton et a17 who found that 39.4% of cases of MCL (26 of 66 cases) eventually developed transformation. The fact that transformation was found on rebiopsy or at autopsy in 24% (16 of 66) of these cases undersores an important point. Obtaining multiple biopsy specimens is necessary for the identification of the transformation to variant MCL and for studying the molecular pathogenesis of this process. Previous emphasis on diagnosing MCL as having only a lymphocytic cytology with infrequent transformation has a priori de-emphasized the importance of perfoming biopsies at relapse or evaluation at autopsy.
We asked the question of whether variant MCLs were associated with a specific type of p53 mutation. However, other than localization of 50% of mutations at codons with CpG dinucleotides, a spectrum of mutations was observed. To our knowledge, the deletion of two nucleotides in codons 184-1 85 has not been previously reported in hematopoietic neoplasms. However, a single nucleotide deletion at the first position in codon 185 has been observed in breast cancer." The CGA + TGA nonsense mutation at codon 21 3 has been reported frequently in hematologic malignancies, including BL and BL cell line^^^*^" ATL,"' myelodysplastic syndrome (MDS) progressing to AML,h7 and chronic myelogenous leukemia (CML) progressing to a blast crisis.hx Our finding of frequent missense mutations parallels those of previous reports on other subtypes of NHL.27.'n.34 The TAC --* TGC mutation at codon 234 has been described in a BL cell line.27 The CGG -, CAG mutation at codon 248 has been described in BL and in BL cell Iines,27.30.43 transformed follicular NHL,34 CLL? immunoblastic NHL,h9 ALL,7n a Tcell line,"* CML in blast crisis,7' ATL,' * and MDS7' Hsiao In addition to the p53 mutations, a polymorphism at codon 213 was found at about the same rate as that reported by other^.^,^^ Because there is no change in the amino acid sequence in the protein (Arg -f Arg), this polymorphism is thought to have no functional effect on the p53 protein.
The occurrence of p53 mutations has been suggested as one mechanism of clinical progression in NHL74 in the transformation of a low-grade to a high-grade lymphoid process, such as the transformation of CLL" or follicular l y m p h~m a~.~~ to large-cell lymphoma; and in the progression of chronic or smoldering ATL to the aggressive phase of ATL." Recently, mutations in p53 have been associated with high-grade MDS and progression to AML.67 A parallel observation has been described in CML progressing to blast crisis.6' In these settings, patients with p53 mutations have a poor prognosis.
We propose that a similar molecular mechanism involving p53 may be responsible for both the development of some cases of variant MCL and the poor prognosis in the mutant MCL. It is known that the p53 protein regulates the cyclin D 1 -cyclin-dependent kinase complex in the cell cycle via the p21 (WAFUCipl) gene.77 Cyclin D1 participates in checkpoint control via phosphorylation of the retinoblastoma protein before the transition from G1 to S -p h a~e .~~.~' Recent "knockout" experiments in human cell lines with bcl-1 rearrangements have shown that cyclin D-1 is required for rapid G1 progre~sion.~~ As mentioned earlier, high levels of cyclin D1 mRNA and protein are present in MCLzL-26 and are hypothesized to be on~ogenic.'~ Although elevated, the effect of cyclin D1 may be somewhat inhibited by the presence of wild-type p53. However, in cases with mutant p53, this inhibitory effect may be lost, thus further enhancing the growth-promotional effect of cyclin D1. The loss of p53 regulation of cyclin D 1 may be one of the molecular mechanisms explaining the higher mitotic rate and proliferative fraction observed in blastic variants of MCL.11.13 Other molecular lesions within cell cycle control may exist in the subset of variant MCLs without p53 mutations. The potential for finding other molecular abnormalities may be predicted by recent discoveries regarding the transformation of follicular lymphoma to diffuse large-cell NHL, wherein abnormalities of c-myc,'o ~5 3 ,~~, ' ' and b~l-6'~-'~ have been implicated. Discordance between the results of p53 immunohistochemistry and mutational analysis has been observed in NHL28*34.84 and, recently, in MCL.@ No mutations were identified in 3 of 5 MCL cases that were positive by p53 immunoperoxidase in the study by Louie et al." In our study, there was relatively good concordance between protein overexpression and detected mutations. Antibody DO-7 appears to be specific in identifying mutations in exons 5-8 in our study, because no case was positive in the presence of wild-type sequence. In our study, antibody DO-7 identified p53 overexpression in 6 of 8 cases (75%) with sequenced p53 mutations. We believe that the negative immunoperoxidase result on case no. 4a was secondary to the low number of mutant cells present (0.1% to l%), as estimated from the DGGE of the first biopsy specimen (case no. 4a; see Fig 3) . This hypothesis cannot be confirmed because no frozen tissue was available from the subsequent biopsy specimen (case no. 4b) with variant MCL.
Importantly, p53 mutations appear to be the first molecular marker to identify patients with MCL who will have a poor prognosis. The results of our survival analysis of p53 mutations in MCL parallel those of analyses previously described in small noncleaved-cell lymphoma:' CLL,29 MDS? CML,6' ATL,72 and ALL.36 Clearly, p53 mutations in most hematologic malignancies portend a poor prognosis,8' and our study indicates the importance of detection of p53 mutations in MCL. Other studies in MCL would be useful to confirm our results.
